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OF GLASS-FABRIC UNSATURATED-POLYESTER LAMTNATES

By John E. Wier, Dorothy C. Pons, and Benjamin M. Axilrod
SUMMARY

The effects of several molding conditions upon some physical
properties of laminates prepared with Fiberglas 181 glass fabric and
Bakelite XRS-81 unsaturated-polyester resin were investigated. The
molding variables included pressure, temperature, and time during both
precuring and curing operations. Molding pressure was varied from 0,02
te 10.0 psi; molding temperature from 120° to 290° F; and molding time
from 20, minutes to 48 hours.

The laminates were tested for several physlical properties which
included resin content, percentage of voids, specific gravity, and
flexural strength on the diagonal, both wet and dry.

The flexurel strength, resin content, and specific gravity were
changed considerably by variation in precure pressure.

The effect of increasing the precure tempersture from 210° F, the
recommended value for this resin, to 260° F for precure times of 5 to
20 minutes was to reduce the flexural strengths sbout 25 percent. While
precures at 160° F for the same perlods of time slso resulted in weaker
jeminates, the strength increased with precure time. Thus, for a precure
time of 30 minutes the strengths obtained equalled those for 210° ¥, and
a 48-hour cure at 160° F resulted in laminates sbout 20 percent stronger
than those molded at the recommended coriditions.

The resin content varied from ebout 44 to 49 percent for the various
precure cycles. The amount of voids was somewhat erratic but the panels
precured at 160° F for 20 minutes or longer had uniformly low amounts of
voids.

The effect of varying the cure temperature between 250°'and 290° F
and the time between 10 and 30 minutes (the recommended velues are 270° F
and 15 min) on the physical properties was negligible.
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It was observed that panels cured at 160° F were much more translu-
cent than those cured at higher temperatures. A possible explanation
proposed is based on voids caused by minute ruptures due to stresses
evoked by shrinkege and differential thermal expansion.

INTRODUCTION

Glass-fabric unsaturated-polyester laminates are of interest to the
aircraft industry not only because of their good electrical and strength
properties, but also because of the advantages (references 1, 2, and 3)
that such laminates offer from the standpoint of ease of production. The
promise that this type of material offers along these lines mskes it essen-~
tial that a better understanding of the effect of fabricating varisbles
on the properties of the finished laminate be obtained (references 4 and 5).

In addition to a need for information on the effects of production
variables, there is also a need for improved laminates, For example, one
of the important alrcraft applications of these laminates is in radomes.
Such structures, being exposed to the weather, must not be sericusly
weakened by prolonged exposure to water or high humidity. The unsaturated-
polyester laminates have not been completely satisfactory in this regard.
To improve the wet strength of the glass-fabric polyester laminates, 1t 1s
believed essential to obtain stronger bonds between the resin and the
fabric. Among the methods by which this might be accomplished are chemi-
cal modification of the resin, development of new finishes for the glass
fabric, modification of the resin-coating process, and improvements in
curing techniques.

The present investigetion was undertaken to cobtain some informetion
on the effects of fabrication variables and to study variocus methods of
improving the bond between the glass fabric and the resin. This report
covers the first phase of this investigation, namely, a study of the
effects of veriations in molding conditions on the properties of a glass-
fabric laminete prepared with e single unsaturated polyester. One of the
objectives of this work was to reveal factors that needed to be considered
in carrying out other parts of this investigation.

This investigation was conducted at the National Bureau of Standards
under the sponsorship and with the financial assistance of the Nationsl
Advisory Committee for Aeronzutics.

-
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MATERTATLS

The glass fabric selected for this work was Fiberglas 181 with finish
No. 114, This fabric was recommended by the manufacturer as the best type
for making laminates that would have good strength both dry and after
immersion In water,

Fiberglas 181 is an eight-shaft hsrness-weave fabric. Finish
No. 11k is a methacrylic chrome complex (reference 6) designed to make
the fgbric more water repellent, thus improving the wet strength of the
finished laminate. The fabric was furnished in rolls 38 inches wide.
Two different rolls of fabric were used. No predetermined sampling
methods were employed in selecting the pleces of fabric to be used in
any of the laminsates,

The resin used was Bekelite XRS-~81, an unsaturated-polyester type.
It was selected as being a representative product. Only one batch of
resin was used for the entire investigation. The catalyst was lauroyl
peroxide, Alperox C, In granular form.

The cellophane used as a release agent was Sylphrap, Type No. 600 P-1-L.
DEFINITIONS

Flexural strength S: For a beam of rectangulsr cross section subjected
to a concentrated load st midspan:

s =2

Z ba2
where
P maximum load
L span or distance between supports
b width of beam
a depth of beam
Specific flexural strength:

s

(Specific gravity)e
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This ratio compsres the flexural strengths of different meterials
when their densities are taken into account., If the weight, span, and
width of a given beam are fixed and if the beam is made of different
materials the breaking loads are proportional to thies ratio.

Resin content: Amount by weight of resin in the laminste. .

Percentage of voids: Estimeted volume of voids V, I1n a specimen
expressed in percentage of the measured volume Vg of the specimen:

v-v = Vs - VB‘

where - SR =
Vg volume of specimen obtained by weighing in water and in air
Ve' volume of specimen calculated on the assumption of no volds and

using the measured weight of the resin and of the glass fabric
in the specimen and known values for the density of the glass
fabric and resin.

Coefficient of variation Cy:

> (k1 - %)

N-1
Cv 1in percent = — 100
X
where
X5 ith meaéurement
X arithmetic mean ’
N number of measurements

PROCEDURES AND EQUIPMENT

Fabricetion of Laminates

Preparation of glass fabric.- The fabric was cut into pieces
6.5 inches square. To keep the fibers of the fabric from unweaving
during the impregnation process, the edges of each plece of fabric were
coated with starch. The pieces of fgbric were then conditicned at T7° F
and 50-percent relative humidity for at least 72 hours prior to resin
impregnation. ' '
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Preparation of resin.- The resin, Bakelite XRS-81, was mixed with
1 percent by welght of the catalyst in batches of 400 to 500 grams. The
mixture of resin and catalyst was stirred for a period of 1 hour with an
electrically powered propeller-type stirrer. To minimize the escape of
the more volatile components of -the resin, the mixing jar was covered
almost completely during the stirring.

, Impregnation of febric with resin.- The fabric was impregnsted with
resin by running it through a palr of hand-opersted squeeze rollers which
were kept coated with resin. Each square of fabric was run between the
rollers as many times as were required for the fabric to lose its opacity.
Uniform translucency of the fabric was considered to be the criterion of
sufficient impregnation.

Panel assembly.- A piece of cellophasne was laid on a flsgt. surface

and a small amount of resin was spread over an area of the same size as
the squares of fabric, A square of resin-impregnated fabric was then
placed over the area. Czre was taken not to trap large amounts of air
between the cellophane end the febric. Any air pockets formed were
eliminated by stroking the. surface of the fabric with a spatula. In
this operation great care was exercised to prevent undue scratching of
the fibers or crimping of the materisl; the direction of motion was
always parallel to the top fibers of the fabric.

In assembling the laminate a small amount of resin was poured over
the top of each ply. This excess resin not only facilitated the elimina~
tion of the air pockets, but also insured a sufficiency of resin in the
finished product. .

After seven plies had been laid up in this manner, another piece of
cellophane was placed over the top of the assembled plies., Elimination
of sir pockets was again sccomplished by passing a spatula over the cello-
phane on each side of the lay-up. The ends of the cellophane sheets,
which extended beyond the limits of the laminate, were then folded over
and held in place with paper clips. The cellophasne-wrapped lay-up was
placed between prehested glass plates and the assembly placed in a lami-
nating press. After completion of the desired molding cycle, the lami-
nate was removed from the press while hot,

Molding conditions.- Duplicate panels were made under 25 different
combingtions of melding variebles.

To determine the effect of pressure variation, panels were molded
at five different pressures, ranging from 0.02 to 10 psi. Two pressure
cycles were used, In one cycle the precure pressure was kept equal to
the cure pressure. In the other, only the precure pressure was variled,
while the cure pressure was kept constant at 10 psi. The precure cycle
was kept constant at 210° F for 10 minutes and the cure cycle at 270° ®
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for 20 minutes. This molding cycle is the one recommended for this resin
by the manufaecturer except thaet the cure time is 5 minutes longer than R
recommended. -

To determine the effects of variations in the precure tempersture
and time, laminates were molded with the following precure cycles:
(a) 160° F for 5, 10, 20, end 30 minutes and (b) 210° and 260° F for 5,
10, and 20 minutes, The cure cycle was kept constant at 270 F for
20 minutes. In addition, two panels were cured at 120° F and two at
160° F for periods of 48 hours, with no other precure and with the higher
temperature cure cycle eliminated. The molding pressure was kept constant
at 0.7 psl in this series of tests.

To determine the effects of variation In the cure cycle, the following
temperature-time combinations were investigated: (a) 250° and 290° F for
periods of 10 and 20 minutes and (p) 270° F for 20 minutes. The precure
cycle was kept constapt at 210° F for 10 minutes. The molding pressure
was kept constant at 0.7 psi. o ' S

Operation and regulation of the press.- The press used was a 1l0-ton

hand-operated Carver laminating press, Model No. 126, equipped with steam-
heated platens and a steam-pressure control valve to regulate the temper-
ature. Temperatures were checked with a mercury thermometer placed in a
well in one platen and were maintained to 11° ¢,

Pressures up to and including 2.0 psi were maintained by the use of
dead weights. Pressures over 2.0 psi were cbtained by the use of the
hydraulic mechanism of the press. These latter pressures probably veried v
by as much as 1 psi since thelr control and maintenance were menusl.

Testing of Laminates

Conditioning of specimens prior to testing.-~ All specimens were

conditioned for a minimum of 7 days at a temperature of 770 F and
50-percent relative humidity prior to testing.

Flexure tests.- The flexure specimens were cut to a length of 2
to 2.5 inches, depending on the thickness of the laminate, and were
oriented in the u45° diagonal direction. These specimens were machined
by dry grinding to a width of 0.500 * 0.005 inch. The thickness was
that of the laminate which variled Between 0.06 and 0.13 inch. Thicknesses
were measured toc +£0.0002 inch.

The tests were made on two Baldwin-Southwark universal hydraulic -
testing machines of the fluid-support Bourdon-tube type. The machines,
which had capacities of 2,400 and 60,000 pounds, respectlvely, each had
a 240-pound lowest range; the latter range wes accurate to within
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1 percent at the loads encountered and was used for all tests. Each
machine was located in a room controlled at 770 F and 50-percent rela-
tive humidity.

A varigble-span flexure Jig was used for testing the specimen as a
simple beam loaded at midspan. The contact edges of the supports and
the pressure piece were rounded to a& radius of 1/32 of an inch. In
testing, the span-depth ratio was set at 16 to 1 with the span controlled
to 1£0.001 inch. The speed of testing was in accordance with the formula
in method 1031 of reference T..

Twelve specimens from each panel were tested in the manner described,
half of them after conditioning for 7 days et T7° F and 50-percent rela-
tive humidity and half after 7 days' immersion in water.

Specific gravity.- Specific gravity was measured on the flexure

specimens by the displacement-of-water technique sccording to method 5011
of reference T. An snalytical balance was used in weighing the specimens
both in sir and in water.

Resin content.- The resin content was obtained as follows: For the

initial weight of the specimen, the value obtained in determining the
specific gravity was used., The specimen, after being tested for flexursl
strength, was heated for 2 hours at 800° to 900° F in a muffle furnace to
remove the resin and fabric sizing. After cooling, the residue of the
specimen, that is, the glass febric remsining, was weighed. The weight
of residue was divided by the factor 0.997 to correct for the sizing
removed, the corrected value belng the initial weight of the glass
fabric in the specimen., The factor 0.997 was obtained by comparing the
weight of a sample of conditioned glass fabric with the weight of the
sgme sample gfter being heated similarly to the speclmens., The amount
by weight of resin in the specimen was taken as the difference between
the initial weight of the specimens and the initiel weight of the glass
fabric 1n the specimens. .

Percentage of voids.- The percentage of voids in a specimen was
determined as follows: The volume Vg of the specimen (see definitions)
was calculated from the weight of the specimen in 2ir and in water,
determined previously (see section on specific gravity). The volume of
resin in the specimen was computed using a value of 1.21 for the specific
gravity of the resin. This value was determined experimentally on
10 specimens of pure resin asccording to method 5011 of reference 7. The
volume of glass in the specimen was computed from its initial weight and
specific gravity. The value for the specific gravity of the glass was
teken as 2.51.
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RESULTS AND DISCUSSION

The data obtained on pasnels molded at different pressures are shown
in tables I and II and in figures 1 to 4. The results obtalned on panels
molded with various precure conditions are shown in tables III and IV and
figure 5. Tables V and VI contaln the data for panels molded under
different cure conditioms.

Since the data given are based on a relatively small number of
specimens tsken from each panel and .since the coefficilents of wvariation
appear to be unaffected by changes in molding conditions, the average
of the coefficients of variation of each property for all panels may be
used as a measure of the precision of the results. These averages of the
coefficients of variation of each property for all panels were as follows:

Average Cy

Property (percent)
Flexursl strength, dry k&
Flexural sirength, wet 5.2
Resin content 2.7
Specific gravity 1.1
Voids 6.9

Effects of Variations in Pressure

Statistical analysls of the datal (tables I and II) revealed no
significant differences between the properties of laminates molded at
the two pressure cycles. It can be cohcluded that all the effects of
variations in pressure on these physical properties of the laminates
occur in the precure stage of the molding cycle. Variations in pressure
after the precure have little if any effect on the finished laminate.
The values mentioned in the following discussion of effects of wvarlations
in molding pressure are average values for the panels molded under both
pressure cycles. * )

An increase in molding pressure during the precure stage from 0.02 .
to 10.0 psi results in large increases in flexural strength, both dry
and wet (table I and fig. 1), in large incresdses in specific gravity
(table IT and fig. 2), and in large decreases in resin content (table II
and fig. 3). Dry diagonal flexural strength increased from 15,900 psi
for specimens molded at 0.02-psi pressure to 27,400 psi for specimens
molded at 10-psl pressure. The corresponding values for wet flexural
strength were 11,500 and 18,800 psi, respectively.

iThe assistance of Mr, J. Mandel who made the statistical analysis
1s appreciated.
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The percentage loss in strength due to water immersion ranged from
26 to 32 percent. No trend in percentage loss in strength is in evidence
in respect to molding pressure.

Specific flexural strength varied between 6700 and T900 psi. The
correletion between specific flexural strength and molding pressure is
poor.

The specific gravities (table IT and fig. 2) of the laminates
increased from 1.51 to 1.87 as the molding pressure during the precure
stage increased from 0.02.to 10.0 psi. For this change in pressure the

resin content of these laminates (table II and fig. 3) diminished from
53 to 31 percent The percentage of voids (table II) decreased from

VW e Mk W llive Al el cen VA LA SRS o) (5 =0 & = MO LI TS 4LV

5 4 percent at 0.02 psi to 1.0 percent at 10-p51 pressure. Some devi-
ations from this genersl trend in the amount of voids are in evidence,
especially in the case of one of the panels molded at 0.02 psi, which
had only 1.6 percent voids. From this it must be inferred that while
an Increase in molding pressure tends to decrease the volume of voids,
there may be other molding variables which affect the volume of voids
'in the finished laminate.

The correlation between resin content and flexural strength is
shown in figure h. Flexural strength increased fram 15,900 psi in panels
with a resin content of 53 percent to 27,400 psi in panels with a resin
content of 31 percent. Effects of voids are not considered in this graph.

Effects of Varistions in Precure Temperature and Time

The dry flexural strength of panels precured.at 160° F (table ITI
and fig. 5) increased with an increase in the time of the precure cycle,
the values ranging from 10,200 psi for the 5-minute precure to 19,500 psi
for the 30-minute precure. When the molding period at this temperature
was extended to 48 hours, the strength of the panels increased to
23,800 psi. This value is higher than any obtained under any of the
other molding conditions of time, temperature, and identical pressure

(0.7 psi).

The dry flexural strength of panels precured at 210° F, the precure
temperature recormended for this resin by the manufacturer, did not vary
markedly between panéls cured for periods of 5 to 20 minutes, inclusive;
thelr strength was sbout 20,000 psi. This is higher than the flexursl
strengths obtained for panels precured at temperatures of 160° snd 260° F
for similar periods, For laminates precured at 260° F for periods of 5
to 20 minutes, inclusive, the flexural strengths were 12,000 to 14,500 psi.

The variation of the wet strength of the panels with precure time
and tempersture was similer to that for dry flexurasl strength, the loss
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in strength due to immersion being 23 to 35 percent. Panels molded for
48 hours at 160° F without any additionel cure at a higher temperature
had e higher wet flexural strength, 16,000 psi, than panels cured at any
of the other molding cycles..

The.veriation of the specific flexural strength of the panels with
precure time and temperature is similaxr to the behavior of the dry flex-
ural strength. Thus, panels precured at 160° ¥ increased from 4400 to
TO00 psi in speciflc strength with an increase in precure time from 5 to
30 minutes. Panels cured for 48 hours at 160° F had an average specific
strength of 8700 psi, higher than that for any other condition,

Laminates precured at 210° F for various periods had average specific
strengths of 7300 to 7600 psi, while those precured at 260° F for similar
periods averaged between 5000 and 5600 psil.

The specific gravity and resin content did not vary greatly with
precure temperature and time. The specific gravity of panels precured
at 160° F for 5 minutes and for all three precure periods at 260° F was
1.60 or less., Panels precured at the other molding conditions had
specific-gravities of more than 1.6k.

Resin content was between 44 and 47 percent in all panels precured
at 160° F for periods of 10 minutes or longer, and 210° F for all periods.
Average resin content of panels precured at 160° F for 5 minutes was
41.5 percent. Panels precured at 26Q° F ranged.between 47 and 49 percent
in resin content o

The data on volds ere somewhat erratic; in particular, the wvalues on
duplicate panels d4id not agree as well as expected. It 1s noted, however,
that the average amount of wvoids was only about 1 percent for panels
precured 20 minntes or more at 160° F. The problem of voids 13 considered
in the section Causes and Effects of Voids.

Effects of Variations in Cure Temperature snd Time

Examlnation of the date (tables V and VI) obtained on panels cured
at 250 3 270 s angd 290 F for 10 to 30 minutes, inclusive, reveals no
appreciable differences Inm the properties of the laminates prepared et
these different curing-conﬂitions.

Causes and Effects of Volds

It has been shown in an investigation similar to this one that there
is some relation between voids smd strength for cotton-filled phenolics
(reference 5). In view of this, it is reasonable to expect that voids
have some effect-on the properties of glass-fabric laminates.
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The effects of voids on flexural strength of this type of laminste
are illustrated in figure 6. The flexural strength against the smount
of voids is plotted for individual specimens taken from panels precured
at 160° F for various periods of time. These particular panels were
selected for the reason that they had a greater range of voids than
panels precured at any of the other temperatures. It is evident from
figure 6 that volds and Tlexural strength ere related to some extent,
the flexural strength decreasing with the smount of voids. The scatter
of the data in figure 6, especially in laminates of low void content,
can be partially attributed to experimental error in the measurement of
voids, Furthermore, it is believed that there are seversl types of voids
and that these different types of volds do not affect the flexural
strength in the same manner.

These different types of voids could be caused by (a) air, (b) water
vapor, (c) vapors of some of the more volatile constituents of the resin
employed, and (d) a combination of any or all of these. There is little
doubt that some air is trapped when the laminste is assembled under
ordinary atmospheric conditions. Some water*vapor will also be included
along with the air. Since the glass fabric 1s slightly hygroscopic, it
will also pick up some moisture from the air during the resinrcoating
process.

The voids data on panels precured at high temperastures indicate a
high percentage of voids in laminstes cured at these temperatures. This
suggests that at these molding temperatures some of the styrene monomer
in the Beskelite XRS-81 resin may be volatilized before the cure is :
complete. -

Another aspect of voids which bears consideration is their position
within the laminste. A void could be intraresinous, that is, wholly
surrounded by resin, or interfscial, that is, between the glass fiber
and the resin,

It is possible that the effect of wvoids upon the strength properties
of the laminste may be related to bhoth the chemical composition of the
vaepor causing them and their location in respect to the components of
the laminate., Thus, an air void may act as an inhibitore of cure of the
resin immediately surrounding it and thus create a soft, undercured
region in the vicinity of the void; a number of such regions should
considerably weaken the laminate. On the other hand, if the void is
composed of resin wvepors, it will not affect the cure of the surrounding
resin. With regard to location, if the void is intraresinous, the
specific flexural strength of the laminsfe may actually be increased
because of a decrease in its density without a corresponding loss in its
strength. '

2Tt is known that the cure of a number of unsaturated-polyester
resins is inhibited by alr.
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The interfacisl volds may arise from different sources, such as
incomplete wetting of the glass fibers by the resin or local minute
ruptures of the resin-fiber bonds eilther during or subsequent to the
molding cycle, These ruptures of the bond may be caused by a combinstion
of shrinkage 6f resin due to cure and differential thermal expansion of
the glass fibers and the resin (reference 8). _

Experimental evidence glves some support to these hypotheses con-
cerning the causes of interfacilal voids. It was observed that laminates
molded at the lower temperatures, such as 160° ¥, have a higher trans-~
lucency than the laminates cured at higher temperatures. It is logical
to assume that this translucency is an indication of a greatly reduced
emount of voids at the resin-fiber interface.

A partial explanation of the higher translucency of panels cured at
the low temperatures may be that at these temperstures the resin is given
&8 better opportunity to wet the fabric thoroughly. The advantage of a
decrease in viscoglty as the temperature is incressed is offset at high
temperatures by the fact that gelation of the resin begins almost
immedistely. As a result the resin does not have sufficient time to
wet the febric thoroughly.

It hde" been further observed that the translucency of laminates
cured at low temperstures is reduced somewhat by a subsequent cure at
the high temperatures, while 1nitial curing of the laminates at high
temperstures produced an slmost opagque materigl. This would indicate
that the high temperatures tend to accentuste the differentisl in volume
change between the resin and the glass, thus creating additional stresses
at the resin-glass Interface which might be sufficient to cause numerous
minute ruptures of the adhesive bond. Shrinkage stresses may also be
greater for higher-tempersgture cures,

In splte of the poor correlation in the experimental data between
percentage of voilds and strength, it seems reasonable to seek methods
of fabricating laminates which eliminate voids,

SUMMARY OF RESULTS

The effects of molding varlables on some physical properties of
laminates made with an unsaturated polyester resin, Bakelite XRS-81, and
a glass fabric, Fiberglas 181-11k, are as follows:

1. An increase in molding pressure from 0.02 to 10 psi had the
following effects:
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(a) Decreased the resin content; the amount of resin in the
finished laminate depended chiefly on the precure pressure rather
than on the cure pressure.

(b) Increased the flexural strength

(c) Generally decreased the percentage of volds, although
laminates of low void content could be molded at pressures as low
as 0.02 psi

(d) Increased the specific gravity
(e) Did not apprecisbly affect the specific flexural strength

(f) Did not affect the ratio of wet strength to dry strength,
the ratio being sbout 0.65 to 0.75

2. An increase in precure temperature from the 210° F recommended
for this resin by the manufacturer to 260° F for precure times of 5 to
20 minutes had the following effects:

(a) Decreased the strength properties of the laminate
(b) Increased the percentage of volds

3. A decresse in the precure temperature to 160° F had the following
effects:

(a) Decreased flexural strength for precure times of 5 %o
20 minutes, inclusive; the strength obtalned with 30-minute precure
at 160O F is about equal to that observed for laminates precured
at 210° F for 5 to 20 minutes inclusive.

(b) Reduced the voids to = minimum when the precure time was
20 minutes or more

k, Variations in the curing cycle in the range of 10 minmutes at
250 F to 30 minubes at 290° F had little effect on the properties
investigated.

5. Extending the curing time to 48 hours at a temperature of 160° F
improved the strength properties relative to those observed at other
cure cycles

National Bureau of Standards
Washington, D. C., March 13, 1950
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TABLE I..- FLEXURAT. STRENGTH PROPERTIES OF GILASS-FABRIC POLYESTER
LAMINATES MOLDED AT VARIOUS PRESSUFES]'
Diagonal flexural strength values
Molding i (2) _ Average
pressure Pressure cycle A Pressure cycle B for both
(pei) - (3) () pressure
cycles
Penel 1 Panel 2 Average Panel 1 Panel 2 Average
Flexursl strength, dry
(pei)
0.02 [15.9 x 103[16.9 x 103[16.% x 103{13.7 x 103{17.2 x 103|15.5 x 103|15.9 x 103
.T 18.6 19.6 19.1 21.9 19.9 20.9 20.0
2.0 18.6 19.9 19.3 21.8 20.6 21.2 20.2
5.0 2y, 7 23.8 21+._2. 21,1 22,4 21.8 23.0
10.0 27.0 127.8 27.4 See pressure cycle A 27.4
Flexural strength, wet
(pai)
0.02 |11.5 x 103|12.1 x 103}11.8 x 103] 9.7 x 103}12.6 x 103{11.2 x 103|11.5 x 103
T 13.6 13.2 13.% 1h.3 13.2 13.7 13.6
2.0 13.8 15.h4 1k.6 15.k% 1k.8 i5.1 ik.9
5.0 7.7 16.0 16.9 15.2 15.3 15.3 16.1
10.0 18.6 18.9 18.8 See pressure cycle A 18.8
Specific flexural strength, dry
§::29)
0.02 | 7.2 x 103} 6.5 x 103| 6.9 x 103| 6.3 x 103| 7.8 x 103| 7.1 x 103{ 7.0 x 103
.T T.0 T.2 T.1 8.1 T.1 T.6 T.h
2.0 6.1 6.7 6.k 7.2 6.6 6.9 6.7
5.0 T.T T.4 7.6 6.6 6.8 6.7 T.1
10.0 7.8 T.9 1.9 See pressure cycle A 7.9
Loss In flexursl strength due to water inmersion?
(pexrcent}
0.02. 27.7T 28.4 28.1 29.2 26,7 28,0 28,0
.T 26.9 32.6 29.8 3h.7 33.7 3k.2 32.0
2.0 2.8 22.6 2k, 2 29,4 28,2 28.8 26.5
5.0 28.3 32.8 30.6 28.0 3.7 29.9 30.2
10.0 31.1 32.0 31.6 See pressure cycle A 31.6

lror all panels precure cycle was 10 min at 210° F and cure cycle was 20 min et

270° ®,

2Each value for & panel is the average for -Bix specimens.

3Precure pressure veried as shown in columm 1; cure pressure wes constant at 10 psi.

h’Pz_'ecure and cure pressures are equal; these i:ressures are given in column I.
JBased on the difference of the averages for six dry and Bix wet specimens teken

from each

panel.
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TABLE II.- DENSITY PROFERTIES OF GLASS-FABRIC POLYESTER

LAMINATES MOLDED AT VARIOUS PRESSURESY

Density(pgoperties
2
Molding fAvegafg
pressure Pressure cycle A Pressure cycle B or bo
(psi) (3) pressure
cycles
Panel 1 [Panel 2|Average |[Panel 1 |Panel 2 |Average
Specific gravity
0.02 1.49 1.61 1.55 1,47 1.48 | 1.18 1.51
T 1.62 | 1.64 1.63 1.62 1.67 1.65 1.6k
2.0 174 1.72 1.73 1.74 1.77 .75 174
5.0 1.80 1.79 1.80 1.79 1.81 1.80 1.80
10.0 1.86 1.87 1.87 Sece pressure cycle A 1.87
Resln content
(percent by weight)
0.02 52.3 50.1 51.2 56.9 53.2 55.1 53.1
.7 1,2 5.1 46,2 44,8 5,1 5,0 45,6
2.0 37.1 37.% 37.3 39.5 36.1 37.8 37.5
5.0 33.6 33.3 33.5 37.1 3%.0 35.6 34,5
10.0 31.4 30.7 31.1 See pressure cycle A 31.1
Voids
(percent by volume)
0.02 T.h 1.6 k.5 5.4 T.1 6.3 5.4
T 2.k 2.9 2.7 4,3 1.0 2.7 2.7
2.0 3.3 3.8 3.6 1.k 2.2 1.8 2.7
5.0 2.3 3.0 2.7 2.0 1.6 1.8 2.2
10.0 .8 1.1 1.0 See pressure cycle A 1.0
Thickness
{in.)
0.02 0.119 0.104% | o.112 0.130 0.120 {.0,125 0.118
o T 097 .09k .096 095 .091 .093 .09k
2.0 077 .078 .0T8 079 .073 .076 077
5.0 .069 .070 . 069 075 .. 070 072 .070
10.0 .06h . 064 .06k .06k .06k .064 .06k

lror a1l panels precure cycle was 10 min at 210° F and cure cycle

was 20 min at 270° F.
2Bach value for a panel is the average for 12 specimens.
3Precure pressure varied as shown in column 1; cure pressure

constﬁnt at 10 psi.

Precure and cure pressures equalj these pressures ere glve

column 1.

< A
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TABLE ITI,~ FLEXURAL STRENGTH PROPERTIES OF GLASS-FARRIC POLYEGTER LAMINATES MOLDED AT VARIOUS PRECURE TEMPERATURES®
Disgonal ﬂmn-?l)rtrengbh values
b

Precurs 5 -

‘tenper- OCura cycle kept conetant at 270" P for 20 min Ko mrecure; cured for
ature 48 hr at tomparature
(or) S-min precure ) 10~-min pracure 20-min precurs 30-min precure shown

Pmulmnallmng- Panel, ) |Pnn612lAvenau hndthmlaL-Awmp anllLPam].a'Avmge Panelil mua';w
Flexural strength, dry
(po1) ]
120 - S 20.5 x 109(19,9 x 103|20,2 x 103
160 | 8.k x 103[12.1 x 103[10.2 % 103] 11,7 x 103] 14,3 x 103| 13,0 x 103|19,6 x 103|17.6 x 103]18,6 x 103[17.5 x 103|215 x 103 19,5 x 103|2k.7 28,9 23.8
210 & 20,1 19.8 °p1,9 19,9 0,9 21.0 19.8 20,k
260 [1h.8 11,1, 13.0 1k.2 1h,8 15,5 1.8 12,6 18,8 -
Flexural strength, wet
(pmi)
180 14,9 x 103]14,7 x 203]14.8 x 103
60 | 6.2x%103] 8,9 x103| 7.6 x 13| 9.1 x 103| 10,8 x 103{ 10,0 x 203(1h,0 x 10312.% x 103 [13.2 x 107 (12,5 x 105 (14,8 x 107 [13.6 x 103|16.8 6.0 6.k
210 (1h.8 15.0 14.9 14,3 13,2 f13.7 15.5 1h.2 14,9
260 (10.5 7.8 9.2 10,9 1, 1.4 8,2 9.0 8.6
Bpacific flexural strength, dry
(psi)
120 |- - 7.3 x 103] 1,1 x 103] 7.2 x 103
160 | 3.9%x103| 5.0x 03| k.5 x 103| kkx103| 5.2x103| k8 x103| 1.0 x 203| 6.3 x 163| 6,6 x 103] 6.3 x 103[ 7.6 x 103| T.0 x 103 9.2 8.2 8.7
210 | T.3 1.3 7.3 8.1 1.1 1,6 .7 1.2 7.5
260 | %7 L6 5,2 5.5 5.8 5.6 k.9 5,0 5.0
Toss in flexural strength dus to water immersiont
(peraent)
120 | — J— — —— - - — . —n —_ — . 21.0 26.1 26.6
160 26,2 26,k 26.3 22,2 2k,5 23,4 28,6 29,5, 29.0 28,6 3,2 29.9 32.0 30,1 31,0
210 23,7 2.4 2h,6 ogh, T 33,7 o3h,a 26,2 28,3 21.3 o e - - - ———
260 29.0 29,7 29,h 23.2 20,3 21,8 30,5 28.6 29.6 — — — S — —

S¥op all panels pressure vas 0.7 psl,
UNach valus for a panel is the average for six specimens,
OThese valuss taken from table I for panels mads under these molding conditions,

Snged on the AL of the ay

for six dry and six wet specimens taken from each panel,

6100C W VOVN
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TABLE IV,- IENSITY PROPERTIES (F GIASS-FABRIC POLYESTER IAMINATES MOLLED AT VARIOUS FRECURE TEMPERATURES®

Density properties
(v)

Precure
temper- Cure cycle kept constant st 270° F for 20 min No precure; cured for
ature 38 hr at tempersture
(°F) S5-min precure 10-min precure 20-min precure 30-min precure shown
Panel 1|Pansl 2|Avarage{Panel 1|Panel 2|Average |Panel 1 |Fanel 2|Averzge|Fanel l|Penel 2|Average|Panel 1|Psnel EA_mage
Specific gravity
120 | =—— | === | s=u- el el el el e B 1.67 | 1.67 | 1.67
160 1.h6 1.56 | 1,51 | 1,63 | 1.65 | 1.6% | 1.67 | 1.68 | 1.67 | 1.67 | 1.68 | 1.67 1.6 | 16T | 1.65
210 1.63 | 166 | 1.6% |C1,62 [C2.67 |%1.65 | 1.66 | 1.66 | 1.66 | ==== | —r= | mm—— e | mmmm | aeee
260 1.6 | 1.5 | 1,58 | 1.61 | 1,60 | 1.60 | 1.56 | 1.58 | 1.57 | me=e | ;eem | crem cmmm | mmme | e
‘Resin content
(percent by weight)
120 | mmem | ammm | e —mm | emmm [ mmem | meem | e | = 56| 855 | 855
160 | 402 | k2.9 | .5 | 3.k | kg | 2 | k5.2 | k5.2 | k5.2 | M5.7 | 5.2 | U5.5 §1.5 k8,3 | 169
210 | .4 | 45,2 | 5.3 (kL8 o451 (CL49 | Eh9 [ 45,1 | 5.0 | mmmm | o= | mmem dmme | e | e
260 | 47.6 | 50.6 | %.1 | 5,0 | ¥8.9 [ 8.9 |[L4B.2 | 458 | 47.0 | cmmm | ;- | - e | mmam | e
Voids
(percent by volume)
120 | ---- I T B B -— -— -— — —~— — 0.7 0.8 0.9
160 | 17.0 9.k | 13.2 L8 2,7 3.8 0.9 0.9 0.9 0.9 0.7 c.8 1.5 o7 1.1
210 3.7 1.9 2.8 | k3 | S0 | .7 2.2 1.6 1.9 _— ——— - n— a— —
260 2.9 L8 1.9 2.4 2.7 2.6 6.0 6.4 6.2 —_— — — — _—— —
Thicknees
{1n,)
120 0.001 | 0.090 | 0.090
160 | 0.095| 0.094| 0.095 | 0.000 | 0.092 | 0.091 | 0.050 | 0,091 0,090 | 0.090 | 0.09¢ | 0,090 | .095 | .093| .ook
210 .093 091 092 095 091 .093 .050-{ ,090 .090
260 00| .107| .ok L099| .100| .100 | J10B| 096 100

Aror gll panels pressure was 0,7 pel.
BEach value for a pansl i the-average for 12 speciun.i
“These values taken from table II for panels made under theame molding conditions,

gt
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TABLE V,~- FLEKUBAL STRENOTH PROPERTIES (F GLASS-FABRIC PCLYEATER

IAMINATES NOLDED AT VARIOUS CURING CYCLES-
Flanmal strength values
Cure . (2)
tenper-
?w Cura time of 10 min "‘m“‘?s‘;fmm Cure time of 30 min
Panel 1 I Panal 2 Average Panal 1 Panal 2 Aversge Parel 3 Lhml.z J Average
Ylexoral strength, dry
(pei)
250 20,9 x 103 | sL.ox 103 | 20.8x 103 20.8x 103 | 2,e%103 | 21.0x 103
270 21.9 % 103 19.9 % 103 £0.9 x 103 20.0 19,0 19.%
£90 20.7 20,0 20.4 21.0 20,5 20.8
Flexural strength, wet
{pm1)
2m0 1h,3x103 | 15.8x103 | 13.2x 103 kb x 103 | 15.3x103 | 14,8 x 103
270 1h3%103 | 13.2%x203 | 13.7x103 | 13.8 12.9 13.8
290 1k.5 1h.4 1hb 15,0 1h.8 1k,9
Bpecific flexural strength, dry _
) (pui) .
2% T.h x 103 1.7 % 10° 7.6 x 103 7.5 x 103 7.8 x 103 7.6 x 103
270 8,1 x 103 7.1 x 103 7.6 x 103 7.k 1.2 7.3
200 Tk T.h T.h T.6 1.5 7.6
Lore In flsxural strength dve to wvatar 11-ersionk
(percent)
250 29.3 2h,8 21.0 . — — — 30.8 27.8 29.3
270 e —— —— 34,7 33.7 3.2 3.0 26.8 28.9
290 30,0 28.0 29.0 J— —— —-—— 28,6 27.8 28.2

Iror a11 parals praamurs

Zgach value for a pansl 18 the average for six specimens.
Tha yalues in these three columns are taken from teble I for panals nade under these molding conditiona.
. aed om the difference of the averages for esix &ry and six wet gpecimens taken frow cach pannl.

was 0,7 pai and precure cycls was 10 min at 2109 P,
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TABLE VI.- DENSITY PROPERTIES OF GLASS-FABRIC POLYESTER

IAMINATES MOLDED AT VARTOUS CURING CYCLESL

Density properties
Cure (2)
t%g;%i' _ Cure time of 10 min Cure tim?sgf 20 min Cure time of 30 min
Panel 1}Panel 2|Average|Panel 1|Panel 2|Average|Panel 1|Panel 2|Average
Specific gravity
250 1.66 | 1.6k | 1.65 -— e | == | .67 | 1.65 | 1.66
270 i.62 1.67 1.65 1.65 1.63 1.6k
290 1.67 | 1.64 | 1.65 _— — -— | 1,66 | 1.65 | 1.66
Resin content
{percent by weight)
250 5.0 6.6 45,8 | === —— —— ks, 4 k6.1 .7
270 44.8 5.1 kh.9 k6.6 b7,3 k7.0
290 | 45.6 | 47.3 | 465 | emem | cmem | - | w57 | 865 | 461
Volds
{percent by volume)
250 1.9 1.6 1.8 — — -— 1.2 1.8 1.5
. 270 - ~—— —— L3 1.0 | 2.7 ‘1.5 2.1 1.8
290 1.0 1.k 1.2 — _— -— 1.2 1.5 1.4
Thickness
(in,)
250 | 0,092 | 0,092 | 0,092 | =mmee | =mmoe | comm 0,090 | 0,093 | 0.092
270 | === | ——mm- -—-- | 0,095 | 0,091 | 0.093 | .094 | .095 | .09%
290 .092 .09h 093 | emmmm | mmeee ] emeee .092 .092 .092

lyor all panels pressure wag 0.7 psi and precure cycle was 10 min
at 210° F.
2fgch value for a panel 1s the average for 12 specimens,
3The values in these three columns are taken from table II for yanels

made under these molding conditions.
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I Wet strength after 7 days’ immersicn in water
O Pressure cycle A: Precure pressure varied;
cure pressure 10 psi
e Pressure cycle B: Same molding pressure for W
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Figure 1.- Effect of molding pressure on flexural strength.
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Figure-2,- Effect of molding pressure on specific gravity.
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Figure 3.- Effect of moldihg pressure on resin content,
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Figure 4.- Relationship between resin content and flexural strength,
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Figure 5.~ Effect of variations in precure molding cycle on dry flexural strength,
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Figure 6.~ Relationship between voids and dry flexural sirength, Data for individual specimens of panels
precured at 160° F for various periods of time,
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